Afterimages are a common and frequent perceptual phenomenon of everyday life. When looking into a high-intensity light source and suddenly turning away from it, a temporary "ghost" of the light source remains visible, for a while. The computer-graphics simulation of afterimages is based on biophysical and mathematical models as published in the literature. A subordinate of afterimages defined in our research is virtual color perception, that is in our interpretation an unusual and intense temporary color perception provoked by a rapid change in the color of the incident light. In research, the modelling of virtual color perception is a field that is by and large untouched. Our publication presents a kinetic model established to characterize the intensity and duration of virtual color perception as a function of rapid changes in the color of the incident light.
INTRODUCTION
In our vision, an afterimage is an illusionary image that appears after having been exposed to a prior one. Color afterimages are experienced in everyday life, for example, when driving at night the headlights of oncoming cars are so bright that when the driver looks away from them, the illusion of bright headlights still remains in perception [1] . When photorealistic images are rendered [1] [2] [3] [4] , some papers reported simulations of color afterimages by combining mathematical models [5] [6] [7] [8] [9] .
A subordinate of afterimages defined in our research is virtual color perception, a phenomenon that originates from chromatic adaptation in photoreceptors influenced by environmental color interactions, and based on the sensitivity to light and adaptibility of each cone receptor.
The physiological background of virtual color perception in brief is as follows: human photopic (daylight) color vision is a combined response of type L (long wavelengths), M (medium wavelengths) and S (short wavelengths) cone receptors to adequate stimuli of light. The photopigment rhodopsin plays a key role in the process; the equilibrium of its relative concentration is achieved by the opposing processes of rapid cleavage when exposed to light and slow resynthesis in darkness [10, 11] . Adaptations of cone receptors to changes in the color of the incident light is time-consuming [12, 13] , hence, a * Correspondence: garailorinc@garailorinc.hu rapid change in the color of the incident light facilitates unusual and intense temporary color perception, the socalled virtual color perception. For example, when exposed to red light the sensitivity of L cone receptors is low and in this case is accompanied by the high sensitivity of M and S cone receptors. Following a rapid change in color from red to blue in the incident light, the sensitivity of S cone receptors remains temporarily high, resulting in perception of the color bright blue that transforms into common blue after a short period of time during which the relative concentration of photopigment is equilibrated (restored), i.e. this is the duration of virtual color perception.
The purpose of our work is to develop a computational kinetic model capable of simulating and quantifying virtual color perception.
In our research chromaticity diagrams are used. Note that changes in the xy coordinates [14] are not proportional to human color perception. To overcome this distortion, several chromaticity coordinates were defined, for example, CIE u v [15].
The gamut of a device is the complete subset of colors it can produce. Usually, in an RGB (red, green, blue) device, it consists of a color triangle with two-dimensional chromaticity coordinates. A gamut is characteristic of the given display (screen) currently in use, for example, modern RGB LED displays are characterized by wider gamuts compared to old-fashioned cold cathode fluores- cent lamp (CCFL) displays that were frequently used about 10 years ago. In our work, gamuts characteristic of CCFL and RGB LED desktop monitors were measured first. Following this, the simulation of virtual color perception obtained by gamut data as a result of a rapid change in the color of the incident light was conducted. Finally, preliminary validation tests were run on the aforementioned RGB LED desktop monitor in use [16] .
Experimental

Measurement of the gamuts of the displays used in our experiments and key parameters of our model
The spectral power distribution of the red, green and blue primaries of two displays was measured by a spectroradiometer (a Flame Miniature Spectrometer by Ocean Optics, Inc. calibrated 12 strong lines of He, Ne, Ar and H 2 flashtubes). One of the displays used was that of an old notebook using a CCFL as a backlight and the other was a more modern one (HP ZR2440w) with a display using RGB LEDs as a backlight. Based on the spectral power distributions measured, the CIE 1931 (x, y) chromaticity coordinates were calculated for all three primaries of both displays, using a Color Matching Function (CMF) of 10°a t a resolution of 1 nm between the wavelengths of 360 nm and 830 nm. Intermediate gamut point coordinates were calculated by interpolation. Gamut point numbers in Table 1 and Fig. 1 were further referred to as colors of incident light. In our kinetic model, actual color perception is compiled from the generally known mathematical relations [8, 9, 17] shown below. The actual color perception J of a single (L, M or S) cone receptor can be calculated by the formula
where D denotes a conversion constant between the cleavage of rhodopsin and neural impulses and here is equal to 1. The variable E represents the intensity of incident light expressed in trolands (Td). During the calculations a maximum luminance of the monitor of 300 cd/m 2 was used and a diameter of the pupil of 5 mm assumed. Therefore, the maximum retinal illuminance was equal to 5890 Td. The variable p denotes the relative concentration of photopigment (between 0 and 1). The time differential of p determined from the rate of photopigment synthesis (Q s ), spontaneous photopigment cleavage (Q c ) and photoinduced cleavage (Q i ) is calculated by dp
The variables of Eq. 2 are calculated by
and
where the time constant τ = 99 1/s and E 0 = 20, 000 are used [13] . The following differential equation is composed from Eqs. 2-5:
The solution of Eq. 6 yields the actual relative concentration of photopigment:
where p 0 denotes the initial relative concentration of photopigment.
Finally, the equilibrium with regard to the relative concentration of photopigment p e and percentage of photopigment cleaved b are related as follows:
Simulation formula
In accordance with CIE 1931 [18, 19] , the actual coordinates of color perception x(t), y(t) and z(t) are calculated from the color coordinates of incident light x i , y i and z i by equations Eqs. 9-24. In the equations below, variables indexed with L, M and S apply to cone receptors L, M and S, respectively.
E multip , which is equal to 6, 000, denotes the light intensity of the display. The actual relative concentration of photopigment is calculated from the initial relative concentrations of photopigment p 0L , p 0M and p 0S :
For the purposes of iteration in simulations, the initial relative concentration of photopigment p 0 was equal to 0.1. From the actual relative concentrations of photopigment Eqs. 13-15, the color perception coordinates are as follows
where J L , J M and J S denote the cone receptors of long, medium and short wavelengths, respectively. To obtain more accurate color perception coordinates, tristimulus values were calculated: where M denotes a transformation matrix between tristimulus values X, Y and Z, and the actual color perception J. The actual color perception coordinates x(t), y(t), z(t) are calculated by the following equations:
In accordance with the CIELUV (1976) chromaticity diagram, the actual color perception coordinates x(t), y(t) and z(t) are transformed into coordinates u (t) and v (t) by an easy-to-compute method [19] :
The intensity of the actual virtual color perception is determined by
where u e and v e denote color coordinates at equilibrium following restoration from virtual color perception (see Restoration to the equilibrium in Fig. 2) . A summary of variables and parameters is shown in Notations at the end of this paper.
Simulation
To understand the calculations, a graphical approach is shown in Fig. 2 . Gamut color point 1 stands for the primary perception of the actual incident light, which is yellow here. With a rapid change in color from yellow to blue, a bright blue color appears in perception that transforms into common blue after a short period of time necessary for the restoration of the equilibrium in terms of the relative concentration of photopigment, which is the time period required for virtual color perception, namely for the perception of bright blue (Fig. 2) . Our kinetic simulation model (Section 2.2) is illustrated in Table 2 . The first five lines in the first four columns show the same values of the color coordinates of incident light x i , y i , z i , against time (0 − 30 seconds). Table 2 Over this 30 second-long period, the u (t) and v (t) values of color perception are quasi identical. However, after 30 seconds, a rapid change in color of the incident light from red to blue results in virtual color perception, as demonstrated by line 6 and column 5. The values of ∆c in column 7 concern the intensity of virtual color perception. (∆c) max denotes the peak intensity in virtual color perception and the minimum ∆c stands for the duration of virtual color perception (t virtcol ). Actual relative concentrations of photopigment of cone receptors L, M and S are shown in the diagram in Fig. 3 .
In terms of simulating virtual color perception, rapid changes in the color of incident light were indicated on CCFL and RGB LED monitors by the assignment of defined gamut points to each other (Fig. 1) . Altogether, 24 changes in color were simulated.
Validation of the simulation
Our kinetic model was validated by a test that consisted of 20 subjects involving an in-house piece of software run in a Python environment. Accordingly, a homogeneous solid colored circle is displayed on a homogeneous background of a different color for 30 seconds (Fig. 4) , then the circle disappears ( Fig. 5 ) and the intensity and duration of virtual color perception is determined by the key inputs of the user. Further details concerning the test are found below:
• First, the test subject looked at a white screen for 30 seconds. • Second, the eyes of the subject were fixed on a circle at the center of the subsequent colored image (Fig.  4) for 30 seconds. According to our definition, the color of the central circle represents the first gamut point, while the color of the background represents the second gamut point. Altogether, 9 assignments of gamut points have been validated so far.
• Third, the central circle suddenly disappeared ( Fig.  5 ) and the subject responded according to the intensity and duration of virtual color perception experienced.
• The intensity of virtual color perception was rated on a four-grade scale, where zero stands for the absence of virtual color perception and 4 denotes its highest intensity. The duration of virtual color perception was indicated by the subject pressing a key as the perception faded away.
First, the assignments of gamut points for each test subject were ranked according to the intensity (Table 3) and duration (Table 4 ) of virtual color perception induced. Then, the median of the rank order with regard to the intensity and duration of virtual color perception was calculated. Since the number of test subjects was limited, the results could not be divided according to their age and gender. Further tests are needed to ensue virtual color perception with regard to gender and age.
Results and Discussion
In Table 5 , the maximum (∆c) max for the CCFL and RGB LED displays were identified during the rapid change in the color of incident light from gamut point G to B (from green to blue) and R to G (from red to green), respectively.
When compared to the CCFL display, the RGB LED display appears to yield higher (∆c) max values with the exception of rapid changes in the color of the incident light from gamut point B to R2G2 (from blue to orange).
With regard to our results, the duration of virtual color perception seems to be platform-free, i.e. t virtcol displayed on both the CCFL and RGB LED monitors was identical. However, rapid changes in the color of the incident light from gamut point B to R1G3 (from blue to yellowish green) was an exception with regard to the values of t virtcol . As is shown in Table 5 , t virtcol computed on the CCFL display has doubled in value compared to that computed on the RGB LED display.
The kinetic simulation results so far point to the likelihood of the appearance of virtual color perception on all display platforms.
As for our preliminary tests performed on 20 test subjects so far as well as the parameters (∆c) max and t virtcol , a correlation between model situations (simulations) and the results of a validation test cannot be confirmed at present. Further tests, statistical evaluations and the introduction of additional parameters are also necessary to achieve more accurate conclusions.
Conclusion
Photopic human color vision is a combined response to the stimulation from light of red, green and blue cone receptors. Cone receptors adapt individually to the actual color of the incident light. Since the adaptation of cone receptors is time-consuming, virtual color perception can be achieved in the meantime by rapid changes in the color of the incident light.
Our kinetic model developed for individual cone receptors is based on mathematical correlations that simulate the intensity and duration of virtual color perception which result from rapid changes in color. According to our model, virtual color perception can result from both CCFL and RGB displays.
Our preliminary validations are yet to confirm a correlation between model situations (simulations) and the results of a validation test. Some refinements to the simulation by the introduction of additional parameters as well as further validation tests with regard to the gender and age of participants are indispensable to reach more accurate conclusions.
